In the nuclei of permissive cells, human cytomegalovirus genomes form nucleosomal structures initially resembling heterochromatin but gradually switching to a euchromatin-like state. This switch is characterized by a decrease in histone H3 K9 methylation and a marked increase in H3 tail acetylation and H3 K4 methylation across the viral genome. We used ganciclovir and a mutant virus encoding a reversibly destabilized DNA polymerase to examine the impact of DNA replication on histone modification dynamics at the viral chromatin. The changes in H3 tail acetylation and H3 K9 methylation proceeded in a DNA replication-independent fashion. In contrast, the increase in H3 K4 methylation proved to depend widely on viral DNA synthesis. Consistently, labeling of nascent DNA using "click chemistry" revealed preferential incorporation of methylated H3 K4 into viral (but not cellular) chromatin during or following DNA replication. This study demonstrates largely selective epigenetic tagging of postreplicative human cytomegalovirus chromatin.
In the nuclei of permissive cells, human cytomegalovirus genomes form nucleosomal structures initially resembling heterochromatin but gradually switching to a euchromatin-like state. This switch is characterized by a decrease in histone H3 K9 methylation and a marked increase in H3 tail acetylation and H3 K4 methylation across the viral genome. We used ganciclovir and a mutant virus encoding a reversibly destabilized DNA polymerase to examine the impact of DNA replication on histone modification dynamics at the viral chromatin. The changes in H3 tail acetylation and H3 K9 methylation proceeded in a DNA replication-independent fashion. In contrast, the increase in H3 K4 methylation proved to depend widely on viral DNA synthesis. Consistently, labeling of nascent DNA using "click chemistry" revealed preferential incorporation of methylated H3 K4 into viral (but not cellular) chromatin during or following DNA replication. This study demonstrates largely selective epigenetic tagging of postreplicative human cytomegalovirus chromatin.
T he large double-stranded DNA genomes of all herpesviruses, including human cytomegalovirus (hCMV), are transcribed, replicated, and encapsidated in the host cell nucleus (5, 35) . Nuclear DNA is typically structured and maneuvered through nucleosomes that individually assemble just under 150 bp of DNA around core histone octamers composed of a central H3-H4 tetramer flanked by two H2A-H2B dimers (12, 30) . Encapsidated herpesvirus DNA is believed to be "naked" with respect to chromatin proteins, including histones. Upon uncoating and nuclear entry, however, host-derived core histones rapidly associate with a fraction of viral DNA to form nucleosomes (37, 41) .
The short core histone tail domains are subject to extensive posttranslational modifications at specific amino acids, including lysine residues (4, 8) . These modifications impact chromatin function by affecting DNA-histone interactions via changes in the net charge of nucleosomes (14) and/or by providing novel binding surfaces for interacting proteins according to the "histone code" hypothesis (20, 50) . More than other types of histone marks, acetylation and methylation of H3 tails have been assigned fundamental functions in transcriptional regulation and the formation of chromatin domains such as euchromatin and heterochromatin. H3 tail acetylation (e.g., H3K9ac and H3K14ac) as well as H3 lysine 4 methylation (e.g., H3K4me2 and H3K4me3) commonly define transcriptionally active areas of euchromatin. In this respect, H3K4me2 and H3K4me3 appear to have functionally and spatially distinct but overlapping characteristics. In contrast, H3 lysine 9 methylation (e.g., H3K9me2) is most often correlated with transcriptional repression and heterochromatin formation (4, 8) .
Recent work has established that hCMV chromatin is subject to dramatic temporal changes in nucleosome occupancy as well as core histone tail acetylation and methylation during productive infection of fibroblasts (11, 16, 38, 39) ; however, little is known about the molecular requirements underlying these changes. The present study was set up to determine (i) how the changes in hCMV histone acetylation and methylation relate to cellular chromatin states and (ii) how the process of viral DNA replication may contribute to histone modification dynamics in hCMV chromatin. By addressing these questions, we have identified an epigenetic mark that is widely selective for postreplicative hCMV chromatin.
MATERIALS AND METHODS

Cells and viruses.
Human fetal diploid lung fibroblasts (MRC-5) were obtained from the European Collection of Cell Cultures and were grown in Dulbecco's modified Eagle's medium (Life Technologies) supplemented with 10% fetal calf serum (Life Technologies), 100 U/ml penicillin (PAN Biotech), and 100 g/ml streptomycin (PAN Biotech). To arrest MRC-5 cells by contact inhibition, confluent cultures were passaged at a ratio of 1:3 and were kept on the same dish for 10 days with a single medium change after 3 days. Where indicated, ganciclovir (Merck Millipore) was added to the medium at 150 M. Cultures were kept at 37°C under a humidified 5% CO 2 atmosphere, and early-passage cells (15 to 25 population doublings before senescence) were used in all experiments. Cells were regularly screened for mycoplasma contamination using PCR Mycoplasma test kit II from PromoKine.
Viruses were grown on MRC-5 cells, and their titers were determined on the same cells either by a standard plaque assay or by quantifying intracellular genomes (25) . Infections were carried out with the following bacterial artificial chromosome (BAC)-derived strains of hCMV: Towne (derived from T-BACwt) (33), AD169 (10), a mutant AD169 virus (ADddUL79) expressing pUL79 fused to a destabilizing domain (a gift from Yi-Chieh Perng and Dong Yu, Washington University) (42), TB40/E (derived from HCMV-TB40-BAC4, referred to below as pTB4; a gift from Christian Sinzger, Ulm University) (49) , and a mutant TB40/E virus (TBddUL54) expressing pUL54 fused to a destabilizing domain. For the creation of TBddUL54, plasmid pcDNA-FKBP was constructed by inserting a PCR product generated from template pBMN-FKBP L106P -YFP-iHcRed-t3 (a gift from Tom Wandless, Stanford University) (34) with primers FKBP-fw (5=-TACAGTGAATTCATGGGAGTGCAGGTG-3=) and FKBP-rv (5=-CTATGAGCGGCCGCTTCCGGTTTTAGAAG-3=) into the EcoRI and NotI sites of pcDNA3 (Life Technologies). A DNA fragment comprising a Flag coding sequence and a kanamycin resistance cassette flanked by Flp recognition target (FRT) sites (FRT-Kan-FRT) was excised with EcoRI from plasmid pSLFRTKn (2) and was inserted into the EcoRI site of pcDNA-FKBP. The resulting plasmid (pcDNA-FKBP-FRT-Kan-FRT) was used as a template for PCR with primers UL54-fw (5=-ATTTTCTTTGTGA TTTTGCTTCGTAAGCTGTCAGCCTCTCACGGTCCGCTAAGGACG ACGACGACAAGTAA-3=) and UL54-rv (5=-GCGACCGCACCGCCGG TCACGCCGCCGCTCAGATACGGGTTGAAAAACATTTCCGGTTTT AGAAGCTCCAC-3=). The resulting PCR product (UL54-FKBP-FRTKan-FRT-UL54/5=) was subjected to DpnI digestion to remove the template DNA. The Escherichia coli strain EL250 (a gift from Neil Copeland, National Cancer Institute-Frederick) (27) was transformed consecutively with pTB4 and the fresh PCR product. Homologous recombination between pTB4 and the PCR product was accomplished by a temperature shift to 42°C leading to the induction of prophage functions that protect linear DNA and recombine it with its substrate sequence (27) . Recombinant clones were isolated by selecting for resistance to both chloramphenicol and kanamycin. The identity and integrity of recombinant BACs were confirmed by EcoRI digestion. Verified clones were picked for "back-flipping" (i.e., removal of the Kan cassette) via induction of Flp recombinase with 0.1% L-arabinose and selection for chloramphenicol resistance and kanamycin sensitivity. The resulting BACs (pTB4-FKBP-UL54) were verified by restriction analysis (see Fig. 4 ) and were used for electroporation of MRC-5 cells to generate virus stocks.
ChIP. Chromatin immunoprecipitation (ChIP) assays were carried out as described previously (39) ) . Normal rabbit immunoglobulin G (IgG) (I5006; Sigma-Aldrich) was used to control for nonspecific precipitation. Quantitative realtime PCR was performed on input and output (coprecipitated) DNA with primers (in parentheses) complementary to promoter-derived (P) and transcribed (T) sequences of the following unique long (UL) and repeat short (RS) viral genomic sites: UL32 (39) 
, origin of lytic DNA replication (oriLyt) (39), major immediate-early (MIE) region (39) , and RS1 (RS1-T-fw [5=-GGTAGCGGCAACAATAGC-3=], RS1-T-rv [5=-TCCACCGGAATCTGAGAC-3=]). In addition, sequences of the following cellular genomic sites were analyzed (with primers given in parenthesis): the coding regions of glyceraldehyde-3-phosphate dehydrogenase (GAPDH-T) (39) and ribosomal protein L30 (RPL30-T) (22) , the gamma-globin (HBG1) promoter (HBG-P-fw [5=-GCCTTGACCAATA GCCTTGACA-3=], HBG-P-rv [5=-GAAATGACCCATGGCGTCTG-3=]), and a juxta-centromeric satellite 2 (Sat2) repeat from chromosome 1 (Sat2-fw [5=-ATCGAATGGAAATGAAAGGAGTCA-3=], Sat2-rv [5=-GA CCATTGGATGATTGCAGTCA-3=]).
Fluorescent detection of proteins and nascent DNA. MRC-5 cells on coverslips were infected with the hCMV Towne strain. At the indicated times postinfection, cells were washed three times in phosphate-buffered saline (PBS) with 0.05% Tween 20 (PBS-T) and were fixed by either of two methods: (i) cells were fixed with paraformaldehyde (2% in PBS) for 15 min at room temperature, washed three times in PBS-T, permeabilized with Triton X-100 (0.1% in PBS) for 15 min, and subjected to three additional wash steps in PBS-T; or (ii) cells were fixed with methanol for 13 min at Ϫ20°C, air dried at room temperature, stored at Ϫ20°C (optional), and rehydrated by washing in PBS-T for 5 min. Then both methanol-and paraformaldehyde-fixed samples were incubated with 75 l blocking solution (2% bovine serum albumin and 0.05% Tween 20 in PBS). To prevent unspecific binding of rabbit IgGs to CMV-encoded Fc␥ receptors (2), IgG from human serum (Sigma-Aldrich) was added to the blocking solution at a final concentration of 0.02%. After two short wash steps in PBS-T, each sample was reacted for 1 h with 75 l of the following primary antibody (diluted in PBS-T containing 0.02% IgG from human serum): anti-IE2 (3A9) (25) , anti-H3K9/14ac (06-599), anti-H3K9me2 (07-441), or anti-H3K4me2 (07-030) (Merck Millipore). Samples were washed three times, for 5 min each time, in PBS-T and were incubated under light protection for 1 h with 75 l PBS-T containing 4,6-diamidino-2-phenylindole-dihydrochloride (DAPI; Roche) and the following two antibody conjugates, each at a 1:1,000 dilution (2 g/ml): Alexa Fluor 594 goat anti-mouse IgG(HϩL) (highly cross adsorbed) and Alexa Fluor 488 goat anti-rabbit IgG(HϩL) (highly cross adsorbed) (Life Technologies). After that, coverslips were washed three times with PBS-T and once with PBS and were mounted on glass slides using ProLong Gold antifade reagent (Life Technologies). Images were acquired using a Leica DMRX epifluorescence microscope equipped with a digital camera system (Retiga; Q-Imaging). Images were cropped and processed using Image-Pro Plus, version 6.2 (Q-Imaging), and Adobe Photoshop CS4 software.
Newly synthesized DNA was labeled for 1 h with 5-ethynyl-2=-deoxyuridine (EdU) and was visualized using EdU-based "click chemistry" (Click-iT EdU Alexa Fluor 594 imaging kit; catalog no. C10339; Life Technologies) by following the manufacturer's instructions exactly. Total DNA and H3K4me2 were costained using DAPI and an appropriate antibody combination (07-030 [Upstate] and an Alexa Fluor 488 conjugate [Life Technologies]), respectively. Slides were analyzed and images acquired using a Leica DMI 6000 B epifluorescence microscope equipped with a digital camera system (DFC350 FX; Leica). Images were deconvoluted, cropped, and processed using the Leica application suite (LAS AF) and Adobe Photoshop CS4 software. The extent of overlap between signals in the red and green channels was quantified using JACoP (6) and ImageJ software (National Institutes of Health).
RESULTS
Histone marks in hCMV chromatin switch from a heterochromatin-like to a euchromatin-like pattern during productive infection. We started our analyses by measuring the relative levels of three different posttranslational histone H3 tail acetylation and dimethylation marks associated with the viral compared to the cellular genome. To this end, we performed ChIP assays from hCMV-infected MRC-5 cells. The modifications examined are well-established indicators of transcriptionally active (H3K9/K14ac and H3K4me2) or repressed (H3K9me2) chromatin states. Importantly, results were normalized to the corresponding total amounts of chromatin-bound histone H3, since it has been shown that the overall nucleosome content in hCMV chromatin differs substantially at different postinfection time points (37, 39, 41 ) (see Fig. S1 in the supplemental material). Previous studies on hCMV histone modifications have not taken this fact into consideration.
A set of indicator loci that have proved useful in a previous study (39) was selected to investigate histone modifications across the hCMV genome at nine time points between 0.5 and 72 h postinfection ( Fig. 1A ; see also Fig. S1 in the supplemental material). These indicators included promoter-derived (P) and transcribed (T) sequences of the following viral genomic regions representing the three kinetic classes of herpesvirus genes: the MIE transcription unit, encoding the IE1 and IE2 proteins; the UL54 early gene, encoding the DNA polymerase catalytic subunit; and the UL32 late gene, encoding the pp150 tegument protein. In addition, the core element from oriLyt and the actively transcribed cellular GAPDH coding region (GAPDH-T) were examined. Each of the three histone marks was found to be associated with the hCMV genome as early as 0.5 h postinfection. At this point, the distribution of histone modifications was remarkably uniform across all viral genomic loci examined. However, relative to GAPDH-T, H3K9me2 was enriched as much as 4-fold, while H3K4me2 and H3K9/14ac were at least 5-fold underrepresented, on the viral DNA. At subsequent time points, differences between the individual viral loci became more evident; for example, at the MIE-P, the proportion of H3K9me2 transiently increased to ϳ19-fold of GAPDH-T, in accordance with previous observations (11) . Moreover, an incremental global increase in the two active chromatin marks was observed as infection progressed. In fact, viral chromatin-associated H3K9/14ac and H3K4me2 reached levels comparable to or exceeding GAPDH-T in each viral sequence tested (except oriLyt) by 16 to 72 h postinfection, coinciding with viral DNA replication (Fig. 1C) . When viral genome-associated histone modifications were assessed without accounting for dif- at a multiplicity of 5 PFU/cell for 0.5 to 72 h or were left uninfected (0 h). (A and B) Cells were subjected to ChIP using rabbit polyclonal antibodies directed against the H3 core domain, H3K9/14ac, H3K9me2, or H3K4me2. Normal rabbit IgG was used to control for nonspecific precipitation. Quantitative real-time PCR was performed on input and output (coprecipitated) DNA with primers complementary to the indicated viral or cellular genomic regions, and output-toinput ratios were calculated. Ratios from normal rabbit IgG ChIPs were subtracted from corresponding ratios obtained from total H3 and modified H3 reactions. Ratios from modified H3 ChIPs were normalized to corresponding ratios obtained from total-H3 reactions. Circle areas represent mean values, derived from two to four replicates, of IgG-subtracted and H3-normalized output-to-input DNA ratios for the indicated H3 modifications at each time point and for each sequence tested. To the right of panel A, a scale identifying fold differences relative to circle areas is shown. The same set of data and the corresponding total-H3 ratios are shown as bars with standard deviations in Fig. S1 in the supplemental material. (C) DNA was quantified by real-time PCR, and mean viral DNA values (determined at UL32-T) normalized to corresponding mean cellular DNA values (determined at GAPDH-T) derived from three biological and two technical replicates are presented with standard deviations.
fering total H3 occupancy, the temporal dynamics of active marks was even more accentuated, with as much as 55-or 25-fold relative increases in H3K9/14ac or H3K4me2, respectively, between 0.5 and 72 h postinfection (see Fig. S2 in the supplemental material). The increase of active marks in viral chromatin was not restricted to H3 but extended to all four classes of core histones and included tail acetylation of H2A, H2B, and H4 (see Fig. S3 in the supplemental material). An opposite trend was observed for the H3K9me2 modification, which decreased ϳ2-to 4-fold between 0.5 and 48 or 72 h postinfection at all except two (MIE-P and oriLyt) viral loci tested. In contrast to the situation at the viral genome, there was little change in histone modifications at GAPDH-T during the course of hCMV infection ( Fig. 1A ; see also Fig. S1 and S2) .
To further relate these findings to cellular euchromatin and heterochromatin states, we compared our viral genome-based data to results from ChIP analyses at additional human genomic loci belonging to three distinct chromatin categories: (i) the RPL30 coding region (RPL30-T), which, like GAPDH-T, is representative of human euchromatin; (ii) the HBG1 promoter (HBG-P), forming facultative heterochromatin in fibroblasts; and (iii) a Sat2 repeat representing constitutive heterochromatin (Fig. 1B) . Infection with hCMV had little effect on the histone modification pattern at any of the tested cellular sequences. As expected, the patterns of H3K9/14ac, H3K9me2, and H3K4me2 at HBG-P and Sat2 were indicative of repressed chromatin and resembled the predominant virus-associated histone modification pattern at immediate-early (IE) and early times (0.5 to 16 h) during infection. In contrast, at GAPDH-T and RPL30-T, the pattern of histone modifications was more typical of permissive chromatin and was similar to the pattern at most viral sites tested during late times (16 to 72 h) of infection.
In conclusion, at IE and early times of infection, nuclear hCMV chromosomes appear to be globally characterized by a histone modification pattern of repressed or only partly active chromatin (heterochromatin-like signature). However, through the later stages of infection, viral chromatin adopts a globally permissive state largely characterized by a euchromatin-like signature of histone modifications. The observed time-and locus-dependent changes in viral genome-associated H3 tail modifications roughly correlate with the pattern of IE and early/late viral gene activation during productive infection, as has been noted previously (11, 16) . The timing of changes is also compatible with a major role of viral DNA replication in controlling hCMV histone modification dynamics.
Histone marks accumulate differentially at hCMV replication compartments. Our previous work has shown that all four classes of human core histones, including H3, associate with the intranuclear compartments of hCMV DNA synthesis, late gene transcription, and genome encapsidation (39) . In order to extend our ChIP results, we investigated by immunofluorescence how H3K9/14ac, H3K9me2, and H3K4me2 localize in spatial relation to viral replication compartments during hCMV infection of MRC-5 cells. Replication compartments were visualized by staining for the hCMV IE2 protein, which is known to associate with these sites throughout infection (1) . At early stages postinfection, H3K9/14ac and H3K4me2 were largely excluded from replication compartments ( Fig. 2A and C) , but no such exclusion was observed for H3K9me2 at this time (Fig. 2B) . In contrast, late replication compartments were strongly depleted of H3K9me2 (Fig.   2B ), whereas H3K9/14ac and H3K4me2 were readily detectable there ( Fig. 2A and C) . In fact, late infected cells exhibited marked enrichment of H3K4me2 (but not H3K9/14ac) either inside or peripheral to replication compartments relative to the surrounding nuclear space (Fig. 2C ). These observations demonstrate, for the first time, differential temporal and spatial accumulation of histone marks at hCMV replication compartments. The results further support the idea that hCMV chromosomes undergo a general heterochromatin-to-euchromatin switch during productive infection and suggest that H3K4me2 may be preferentially incorporated into viral chromatin during or following DNA replication.
H3K4me2 preferentially associates with replicating and/or postreplicative hCMV genomes. Very recently, "click chemistry" detecting EdU incorporation into replicating DNA was introduced to visualize active viral DNA synthesis in the periphery and interior of hCMV replication compartments (51) . We combined EdU labeling with immunofluorescence to find that H3K4me2 colocalizes with nascent viral DNA within late replication compartments (Fig. 2F) . The fact that the EdU and H3K4me2 signals did not colocalize completely suggests that the histone mark may be associated with only a fraction of newly synthesized viral DNA and with both replicating and postreplicative hCMV chromatin. EdU and H3K4me2 did not significantly colocalize with early viral replication compartments or cellular replication foci ( Fig. 2D and  E) . The latter finding is consistent with the fact that H3K4me2 has not been reported to be a replication-dependent mark in cellular chromatin.
The timing of changes in histone acetylation/methylation ( Fig.  1 and 2A to C) and the accumulation of H3K4me2 at the sites of viral DNA synthesis (Fig. 2F) point to a role of DNA replication in controlling histone modification dynamics at hCMV genomes. Therefore, we set out to investigate whether the viral DNA polymerase inhibitor ganciclovir interferes with changes in histone acetylation and methylation during the late phase of hCMV infection. Ganciclovir was used under conditions that inhibited viral DNA accumulation completely (Fig. 3A) without affecting cell viability (data not shown), and ChIP assays of inhibitor-treated and untreated cells at 48 h postinfection were performed. In accordance with previous observations (39), ganciclovir treatment led to a marked reduction in histone H3 deposition at 10 out of 12 viral sequences tested, while H3 occupancy at three cellular reference loci (GAPDH-T, RPL30-T, and HBG-P) was not significantly affected (Fig. 3B) . In contrast, inhibition of viral DNA replication did not negatively affect the levels of H3K9/14ac at any of the viral or cellular sequences analyzed except for a Ͻ2-fold reduction at UL32-T (Fig. 3C) . Likewise, the levels of H3K9me2 associated with viral and cellular chromatin were not appreciably higher for ganciclovir-treated than for nontreated infected cells apart from a minor effect at UL54-P (Fig. 3D) . Finally, ganciclovir significantly diminished the increase in H3K4me2 at the majority of viral sequences tested, thereby reducing the presence of this histone mark in late hCMV chromatin (Fig. 3E) .
To exclude the possibility that the differential behavior of hCMV-associated histone modifications is an indirect side effect of ganciclovir rather than a direct consequence of DNA synthesis inhibition, we constructed a mutant virus encoding a conditionally stable viral DNA polymerase. To this end, a sequence encoding an unstable variant of the FK506 binding protein 12 (FKBP; a gift from Tom Wandless, Stanford University) was fused in frame (6, 32) . M1 is defined as the ratio of the "summed intensities of pixels from the green image for which the intensity in the red channel is above zero" to the "total intensity in the green channel," and M2 is defined conversely for the red image (6) .
FIG 3 Effects of ganciclovir-mediated viral DNA replication inhibition on histone modification dynamics during hCMV infection. Growth-arrested
MRC-5 cells were infected with the hCMV Towne strain at a multiplicity of 5 PFU/cell. At 8 h postinfection, cells either were treated with ganciclovir (ϩGCV) or were left untreated (ϪGCV). Cultures were given fresh medium (with or without the drug) at 28 h, and cells were analyzed at 8 h or 48 h postinfection. (A) DNA was quantified by real-time PCR, and mean viral DNA values (determined across five loci: MIE-P, UL32-T, UL54-P, UL54-T, and UL99-T) normalized to corresponding mean cellular DNA values (determined across three loci: GAPDH-T, RPL30-T, and HBG-P) derived from two biological and two technical replicates are presented with standard deviations. (B to E) Cells were subjected to ChIP using rabbit polyclonal antibodies directed against total H3 (B), H3K9/14ac (C), H3K9me2 (D), or H3K4me2 (E). Normal rabbit IgG was used to control for nonspecific precipitation. Quantitative PCR was performed on input and output (coprecipitated) DNA with primers complementary to the indicated viral and cellular genomic loci, and output-to-input ratios were calculated. Ratios from normal rabbit IgG ChIPs were subtracted from corresponding ratios obtained from total-H3 and modified-H3 reactions. Ratios from modified-H3 ChIPs were normalized to the corresponding ratios obtained from total-H3 reactions. Mean values with standard deviations derived from two biological and two technical replicates are presented as IgG-subtracted (B) or IgG-subtracted and H3-normalized (C to E) output-to-input DNA ratios. Student's t test was performed to check for the statistical significance of differences between ϪGCV and ϩGCV samples at 48 h postinfection (**, P Ͻ 0.001; *, P Յ 0.004).
to the 5= end of the hCMV UL54 coding sequence in the viral genome using BAC-based mutagenesis (40) (Fig. 4) . The resulting fusion protein (FKBP-pUL54) is rapidly degraded but can be stabilized by adding the cell-permeant synthetic ligand Shield-1 (3, 15) . In the presence of Shield-1, titers of the resulting virus (TBddUL54) did not differ significantly from wild-type TB40/E titers (data not shown). In the absence of Shield-1, however, TBddUL54 did not replicate DNA efficiently (Fig. 5A ) and proved to integrity of recombinant pTB4-FKBP-UL54 BACs (three independent clones, clones 1 to 3) was verified by comparison to the parental BAC (pTB4) following digestion with EcoRI and electrophoresis in a 0.7% agarose-Tris-acetate-EDTA gel stained with ethidium bromide. The FKBP-FRT insertion introduces an EcoRI site converting a 7.3-kb fragment in the pTB4 restriction reaction to 6.8-kb and 0.8-kb (not visible) fragments in the pTB4-FKBP-UL54 digests. The positions of the differentially occurring 7.3-kb and 6.8-kb bands are marked by asterisks.
incorporate significantly less H3K4me2 than the parental wildtype strain at 72 h postinfection (Fig. 5B) . In addition to the TBddUL54 virus, we also tested an hCMV strain expressing pUL79 tagged with the destabilizing FKBP domain (ADddUL79; a gift from Yi-Chieh Perng and Dong Yu, Washington University School of Medicine). The ADddUL79 virus was previously shown to replicate DNA normally while being defective for late viral gene expression (42) . As expected, ADddUL79 did not differ from the parental wild-type virus in terms of viral DNA accumulation (Fig.  5C ) and H3K4me2 levels in late viral chromatin (Fig. 5D ).
In conclusion, the changes in H3K9/14ac and H3K9me2 marks across the hCMV genome appear to occur largely independently of DNA replication, while the full increase in H3K4me2 requires viral DNA synthesis, at least at most viral genomic regions tested. To our knowledge, this is the first report demonstrating that both replication-dependent and replication-independent pathways contribute to the differential histone modification patterns in herpesvirus chromatin. Moreover, H3K4me2 is the first example of an epigenetic mark that preferentially tags postreplicative hCMV chromatin.
DISCUSSION
Replication-dependent and -independent temporal changes in histone modifications at hCMV genomes. Recent work has shown that the genomes of herpesviruses, including hCMV, undergo substantial changes in nucleosome occupancy, histone composition, and histone modification during the temporal course of a productive infection cycle (37, 41, 43, 44, 48) . Our present report strongly supports the idea that, immediately following nuclear entry, heterochromatin forms on infecting viral genomes, as deduced from the pattern of H3K9me2, H3K9/14ac, and H3K4me2 marks ( Fig. 1 and 2 ; see also Fig. S1 and S2 in the supplemental material). However, the ChIP and immunofluorescence analyses do not allow one to distinguish whether all or only a subset of parental viral genomes are subject to heterochromatin formation. The fact that both activating and repressive marks ac- , cells were subjected to ChIP using rabbit polyclonal antibodies directed against total H3 or H3K4me2. Normal rabbit IgG was used to control for nonspecific precipitation. Quantitative PCR was performed on input and output (coprecipitated) DNA with primers complementary to the indicated viral genomic loci, and output-to-input ratios were calculated. Ratios from normal rabbit IgG ChIPs were subtracted from the corresponding ratios obtained from total-H3 and H3K4me2 reactions. Ratios from H3K4me2 ChIPs were normalized to corresponding ratios obtained from total-H3 reactions. Mean values with standard deviations derived from two biological and two technical replicates are presented as IgG-subtracted and H3-normalized output-to-input DNA ratios. Student's t test was performed to check for the statistical significance of differences between wild-type and mutant viruses at 72 h postinfection (*, P Ͻ 0.0001).
cumulate at the MIE-P sequence between 0.5 and 8 h postinfection (Fig. 1A) points at the intriguing possibility that viral genomes with transcriptionally permissive and repressed chromatin conformations (with respect to this site) may coexist during the prereplicative stage of infection. This scenario fits well with the recent demonstration that cells express and replicate only a limited number of incoming herpesvirus genomes (23, 24) . Alternatively, our results may reflect a "bivalent" marking of the MIE-P, as has been reported previously for several sites in latent Kaposi's sarcoma-associated herpesvirus genomes (17) .
Viral heterochromatin formation may result from an intrinsic cellular defense mechanism that aims at silencing infecting viral genomes (16, 37, 41, 46, 52) . Global epigenetic repression may be instrumental in facilitating viral latency in other cell types, but it is observed only transiently (up to ϳ16 h) during productive infection in fibroblasts ( Fig. 1 and 2) (37, 41) . In fact, through the later stages of infection (from ϳ16 h on), viral chromatin seems to adopt a generally permissive state resembling that of cellular euchromatin. The temporal heterochromatin-to-euchromatin switch is characterized by a decrease in H3K9me2 and an increase in H2AK5ac, H2BK5/12/15/20ac, H3K9/14ac, H4K5/8/12/16ac, and H3K4me2 physically associated with the hCMV genome ( (Fig. 2) . The timing of changes in viral histone modification patterns suggests a role for DNA replication in establishing the late euchromatin signature. Therefore, we tested whether interfering with viral DNA synthesis chemically (with ganciclovir) (Fig. 3) or genetically (TBddUL54) (Fig. 4 and 5 ) may perturb histone modification dynamics at the hCMV genome. Surprisingly, the changes in H3K9me2 and H3K9/14ac proved to be almost exclusively independent of DNA replication ( Fig. 3C and D) . Some increase in H3K4me2 also occurs before the onset (Fig. 1A) and independently (Fig. 3F ) of DNA replication, most notably at MIE sequences. However, at most viral genomic sequences tested, the increase in H3K4me2 depends largely or entirely on viral DNA synthesis ( Fig. 3F and  5A ). In fact, the data suggest that some viral sites (e.g., MIE-T, UL54-P) may be subject to both DNA replication-dependent and -independent H3K4me2 incorporation, whereas at other sites (e.g., UL44-T, UL32-T), the increase depends strictly on prior DNA synthesis. To our knowledge, this is the first report demonstrating that both replication-dependent and replication-independent pathways contribute to the differential histone modification patterns in herpesvirus chromatin. Moreover, H3K4me2 is the first example of an epigenetic mark that preferentially tags postreplicative hCMV chromatin.
Potential mechanisms of replication-dependent H3K4 methylation at hCMV genomes. Our work has demonstrated initial DNA replication-independent and subsequent replicationcoupled histone H3 deposition and nucleosome formation on hCMV genomes (Fig. 3B) (39) . Thus, the observed replicationdependent increase of H3K4me2 in viral chromatin may result from specific deposition of this particular histone form on newly replicated DNA. In fact, several core histone acetylation and methylation marks are known to be present specifically during cellular DNA replication (e.g., H4K5/K12ac and H4K20me). However, the known replication-associated histone marks do not include H3K4me2, and to our knowledge, there is no evidence that free or newly deposited H3 generally carries this modification (7, 13) . Thus, we currently favor the possibility that H3 becomes K4me2 modified by a process that occurs subsequent to histone deposition and is specifically linked to viral, but not cellular, DNA replication. This idea is consistent with our observation that H3K4me2 accumulates at viral but not nascent cellular DNA (Fig.  2D and F) .
The reasoning set forth above leads us to speculate that at least one H3K4me2 "writer" (protein lysine methyltransferase) might be specifically recruited to viral replication compartments during or following DNA synthesis. A total of 51 confirmed or predicted lysine methyltransferase proteins are encoded by the human genome (45), at least 10 of which modify H3K4 (31, 53) . The six members of the mixed-lineage leukemia (MLL) family of SET domain-containing proteins (MLL1, MLL2, MLL3, MLL4, SET1A, SET1B) form the most prominent group of H3K4 methyltransferases. Proteins of this family are usually assembled into multisubunit complexes and not only have the capacity to specifically methylate H3K4, generating an epigenetic mark for active chromatin, but may also function as transcriptional coactivators. In fact, MLL family members are known to interact with other coactivators and with RNA polymerase II during transcriptional elongation (31, 53) . To our knowledge, H3K4 methyltransferases have not yet been studied in the context of hCMV. However, SET1A and MLL1 have been shown to associate with the genomes of varicella-zoster virus (26, 29, 36) to activate viral transcription. Moreover, depletion of SET1A or inhibition of protein methylation using 5=-deoxy-5=-methylthioadenosine (MTA) caused reduced H3K4 methylation at herpes simplex virus type 1 (HSV-1) genomes, correlating with diminished viral gene expression and DNA replication (19) . Inhibitory effects of MTA on viral gene expression were also observed in Epstein-Barr virus infections (9). These observations point at an important function of viral chromatin-associated H3K4 methylation in the life cycles of herpesviruses of distinct subfamilies.
Unlike acetylation, methylation does not impact chromatin by electrostatic effects. Instead, it appears that the principal function of histone methylation is to signal for the recruitment or activity of downstream effectors. Several different protein modules have been shown to be involved in H3K4me recognition: the chromodomain, the malignant brain tumor (MBT) domain, the plant homeodomain (PHD) finger, the tryptophan-aspartic acid 40 (WD40) repeat, the Tudor domain, and the zinc finger cysteinetryptophan (ZF-CW) domain (53, 55) . These modules operate as part of specialized "reader" proteins. Examples of known or proposed human H3K4me2 readers include chromodomain-helicase-DNA binding protein 1 (CHD1) (47) , lethal 3 malignant brain tumor-like protein 1 (L3MBTL1) (28), p53 binding protein 1 (p53BP1) (21) , and WD40 repeat-containing protein 5 (WDR5) (54) . The effector activities of these readers and/or associated proteins dictate the functional readouts of H3K4me2, such as chromatin remodeling, histone modification, and recruitment of machinery directly involved in DNA metabolism, including transcription, replication, recombination, and repair (53, 55) . It remains to be determined which cellular (or viral) readers may recognize H3K4me2 on replicated hCMV genomes and what effects this might have on viral chromatin structure and function.
May replication-dependent histone modifications serve as an "epigenetic switch" to turn on hCMV late gene expression? It has been known for decades that efficient herpesvirus "true" late gene transcription requires viral DNA replication (18) . However, the replication-associated mechanisms underlying the hallmark early-to-late transition in viral gene expression have remained a mystery. Conceivably, replication-coupled changes in viral chromatin may serve as an "epigenetic switch" to turn on late genes. The fact that H3K4me2 associated with hCMV genomes is not reduced in UL79-deficient infected cells (Fig. 5D) suggests that this modification is not sufficient to trigger viral late gene expression. However, our results do not exclude the possibility that H3K4 methylation and/or unidentified replication-dependent histone modifications may be necessary for late gene activation.
The observation that H3K4me2 accumulates at the replicating viral genome but not at the cellular genome in hCMV-infected cells (Fig. 2) points at an exciting opportunity to selectively interfere with viral chromatin function without affecting the host. Thus, our results add to the emerging promise of "epigenetic therapies" that may be applied to control hCMV and other viruses some time in the future.
